In China, existing buildings comprise more than 40 billion square meters, most being of high energy consumption. A substantial reduction in electrical energy costs could be obtained through greater use of daylight. Daylight varies widely due to the movement of sun, changing seasons and diverse weather conditions. Custom static daylight assessments, simulations represent only one time of the year or one time of the day, are inadequate to evaluate the dynamics of daylight variability. Using the intuitive graphic tool Temporal Map to display the annual daylight data, this study compared different passive architectural design strategies under the climate conditions of five representative Chinese cities and selected the most suitable design scheme for each city. In this study, the dynamic yearly-graphic tool was utilized for architectural design in China, and we integrated the optimal design with the Chinese academic calendar to achieve improvements within the occupancy time. This modified map connects design work with human activity that makes daylight evaluation more accurate and efficient. The results of this study will provide preliminary recommendations for energy-saving design in China, and reference to other similar studies.
Introduction
With the serious environmental deterioration and global energy crisis, increased attention has been paid to the current trends in energy consumption. The international demand for oil, coal and natural gas are expected to increase by 30%-50% from 2007-2035 [1] while the energy-related emissions of CO 2 will double by 2050 [2] . As buildings account for more than 40% of the total energy in some developed countries with a related emission of 40% of total GHG emissions [3, 4] , energy-saving in buildings has attracted more and more attention worldwide. Daylight, as one of the inexhaustible natural resources, is valuable because its proper use can save electrical energy consumption [5, 6] , be beneficial to human health [7, 8] and improve work performance [9, 10] . Accordingly, it is always necessary to achieve an effective daylighting design for better lighting quality and low energy cost.
A comparative research was undertaken among United States (US), the European Union (EU), and the BRIC (Brazil, Russia, India and China) countries as these countries are responsible for more than 60% of energy consumption worldwide. The results showed that China is the country with the largest energy consumption globally, with a rate of 18% in 2010; the US and EU followed behind, taking up 17% and 13% respectively in the same year [11] . According to the latest Chinese government reports, there are now more than 40,000,000,000 m 2 of building space in China [12] , most of which have a high energy-consumption profile [13] . In 2013, the energy consumed by buildings, artificial lighting of existing time-based metrics, like DA (Daylight Autonomy) [23, 24] and UDI (Useful Daylight Illuminance) [25] that do reflect the proportion of annual work hours that achieve an illuminance benchmark or acceptable range while do not account for which times or areas that illuminance does not meet the recording threshold. In other words, DA can show that for 70 percent of annual working hours, a particular point has adequate daylight, but it cannot show whether this point is underperforming in the morning hours, or in the winter [33] . The team of Andercen developed synthesis analysis tools, Lightsolve, to overcome this issue [32] [33] [34] . Lightsolve does annual daylghting calculation with the ASRC-CIE sky model and displays yearly data on a temporal map that a color-scaled surface graph with the year on the x-axis and the day on the y-axis. This retains the temporal variability of performance in a very dense format.
In this paper, the expression way of Lightsolve, temporal map, was adopted to display the annual data calculated by Daysim. The regular temporal map was integrated with the Chinese academic calendar to make the analysis more accurate and efficient. Time segments of yearly holidays and daily lunch break were marked on the axis of the temporal maps to remind the designer to focus on the data within occupancy time. Comparison of several design strategies, through this modified temporal map, produced preliminary advice about daylighting design for the five representative cities. The results and analysis method can also be used as reference for the optimal daylighting design in other Chinese cities.
City selection
As mentioned above, there are five light-climate regions in China. In order to compare climate-related differences, five cities were selected from each light-climate region: Lhasa (Region I), Yinchuan (Region II), Beijing (Region III), Shanghai (Region IV) and Chongqing (Region V) ( Figure 1 ). Each of these cities is the capital of its province and has a population in the millions. The map of the division of the light-climate regions in China with the five representative cities indicated is shown in Figure 1 while these cities' geographical information is listed in Table 1 . limitation of existing time-based metrics, like DA( Daylight Autonomy) [23, 24] and UDI(Useful Daylight Illuminance) [25] that do reflect the proportion of annual work hours that achieve an illuminance benchmark or acceptable range while do not account for which times or areas that illuminance does not meet the recording threshold. In other words, DA can show that for 70 percent of annual working hours, a particular point has adequate daylight, but it cannot show whether this point is underperforming in the morning hours, or in the winter [33] . The team of Andercen developed synthesis analysis tools, Lightsolve, to overcome this issue [32] [33] [34] . Lightsolve does annual daylghting calculation with the ASRC-CIE sky model and displays yearly data on a temporal map that a color-scaled surface graph with the year on the x-axis and the day on the y-axis. This retains the temporal variability of performance in a very dense format. In this paper, the expression way of Lightsolve, temporal map, was adopted to display the annual data calculated by Daysim. The regular temporal map was integrated with the Chinese academic calendar to make the analysis more accurate and efficient. Time segments of yearly holidays and daily lunch break were marked on the axis of the temporal maps to remind the designer to focus on the data within occupancy time. Comparison of several design strategies, through this modified temporal map, produced preliminary advice about daylighting design for the five representative cities. The results and analysis method can also be used as reference for the optimal daylighting design in other Chinese cities.
As mentioned above, there are five light-climate regions in China. In order to compare climate-related differences，five cities were selected from each light-climate region: Lhasa (Region I), Yinchuan (Region II), Beijing (Region III), Shanghai (Region IV) and Chongqing (Region V) ( Figure 1 ). Each of these cities is the capital of its province and has a population in the millions. The map of the division of the light-climate regions in China with the five representative cities indicated is shown in Figure 1 while these cities' geographical information is listed in Table 1 . Temporal maps of the five cities were drawn with the exterior annual horizontal illuminances calculated by Daysim in five-minute intervals. The annual data were presented on surface maps, in which the hours of the day are shown in the vertical axis and the days of the year are shown in the horizontal axis. As shown in Figure 2 , these maps are quite different under the same color bar of illuminance set from 0 to 10ˆ10 4 lx, corresponding to the colors from blue to red. Maps of Lhasa, Yinchuan and Beijing (Region I, II and III) were redder in color, indicating higher levels of solar illuminance, while the maps of Shanghai and Chongqing (region IV and V) were bluer, meaning lower daylight intensity. Temporal maps of the five cities were drawn with the exterior annual horizontal illuminances calculated by Daysim in five-minute intervals. The annual data were presented on surface maps, in which the hours of the day are shown in the vertical axis and the days of the year are shown in the horizontal axis. As shown in Figure 2 , these maps are quite different under the same color bar of illuminance set from 0 to 10×10 4 lx, corresponding to the colors from blue to red. Maps of Lhasa ,Yinchuan and Beijing (Region I, II and III) were redder in color, indicating higher levels of solar illuminance, while the maps of Shanghai and Chongqing (region IV and Ⅴ) were bluer, meaning lower daylight intensity. We also established a numerical analysis in addition to the graphical representation. The frequency of four standard CIE skies in each city, were calculated using the ASRC-CIE sky model developed by Perez [35] combined with Hourly Typical Meteorological Year (TMY2) data [36] . In the calculation process, the frequencies of four skies were dependent on the sky clearness ε and brightness Δ, which were calculated using the horizontal diffuse irradiance, the normal incident irradiance and the solar zenith angle [35] . As shown in Table 2 , there were more clear skies in cities in lower light-climate region number, and more overcast skies in cities in higher light-climate region number. The differences in the proportion of clear and overcast skies were quite obvious. Lhasa and Chongqing were the two extremes: Lhasa had clear skies more than half of the year, specifically, 62.33% (clear sky of 19.39% plus clear turbid sky of 42.94%), while overcast skies in Chongqing reached 73.55%, accounting for nearly three quarters of a year. In comparison, the annual frequency of clear skies in Lhasa (62.33%) was over 10 times that of Chongqing (4.66%), while the frequency of overcast skies in Chongqing (73.55%) was about 10 times that of Lhasa (7.21%). We also established a numerical analysis in addition to the graphical representation. The frequency of four standard CIE skies in each city, were calculated using the ASRC-CIE sky model developed by Perez [35] combined with Hourly Typical Meteorological Year (TMY2) data [36] . In the calculation process, the frequencies of four skies were dependent on the sky clearness ε and brightness ∆, which were calculated using the horizontal diffuse irradiance, the normal incident irradiance and the solar zenith angle [35] . As shown in Table 2 , there were more clear skies in cities in lower light-climate region number, and more overcast skies in cities in higher light-climate region number. The differences in the proportion of clear and overcast skies were quite obvious. Lhasa and Chongqing were the two extremes: Lhasa had clear skies more than half of the year, specifically, 62.33% (clear sky of 19.39% plus clear turbid sky of 42.94%), while overcast skies in Chongqing reached 73.55%, accounting for nearly three quarters of a year. In comparison, the annual frequency of clear skies in Lhasa (62.33%) was over 10 times that of Chongqing (4.66%), while the frequency of overcast skies in Chongqing (73.55%) was about 10 times that of Lhasa (7.21%). The intuitive graphical and detailed numerical analysis above revealed the complexity of the Chinese climate, and also illustrated the necessity for full consideration of daylight characteristics in the design process. Further analysis on the indoor daylighting feature and comparison of different passive design strategies will be discussed in the following sections.
Method
In Section 2, the drawn conclusion was that annual exterior illuminance differs greatly in different light-climate regions. Next, this study will investigate the indoor daylighting quality and discuss the most suitable design strategies in response to various climate characteristics in the 5 light-climate regions.
Typical Classroom
A typical south-facing classroom was chosen as a base case for daylight assessment and optimal design. This classroom is quite normal in China with a size of 66.5 m 2 and 3.2 m ceiling, and a window to wall ratio of 0.21. The daylighting conditions of the typical classroom with several design strategies were evaluated by computer simulation during the course of a year. Analysis and optimization were carried using the validated daylight software Daysim over a grid with 0.5 m spacing positioned at work plane height. Temporal maps, with hours of the day on vertical axis and days of the year on horizontal axis, were drawn with Daysim results for overall understanding of the variation of annual data. The performance goal of this classroom was to advance conditions that were bright enough within the academic occupancy time using daylight alone. The plan of the classroom is shown in Figure 3 and the reflectance of interior materials is presented in Table 3 . The transmittance of double-pane window with clear glass is 78.2%.The radiance simulation parameters were set as follow: ab 3´aa 0.15´ar 128´ad 512´as 128; and simulation time step was one hour. The intuitive graphical and detailed numerical analysis above revealed the complexity of the Chinese climate, and also illustrated the necessity for full consideration of daylight characteristics in the design process. Further analysis on the indoor daylighting feature and comparison of different passive design strategies will be discussed in the following sections.
Method
In section 2, the drawn conclusion was that annual exterior illuminance differs greatly in different light-climate regions. Next, this study will investigate the indoor daylighting quality and discuss the most suitable design strategies in response to various climate characteristics in the 5 light-climate regions.
Typical Classroom
A typical south-facing classroom was chosen as a base case for daylight assessment and optimal design. This classroom is quite normal in China with a size of 66.5m 2 and 3.2 m ceiling, and a window to wall ratio of 0.21. The daylighting conditions of the typical classroom with several design strategies were evaluated by computer simulation during the course of a year. Analysis and optimization were carried using the validated daylight software Daysim over a grid with 0.5 meter spacing positioned at work plane height. Temporal maps, with hours of the day on vertical axis and days of the year on horizontal axis, were drawn with Daysim results for overall understanding of the variation of annual data. The performance goal of this classroom was to advance conditions that were bright enough within the academic occupancy time using daylight alone. The plan of the classroom is shown in Figure 3 and the reflectance of interior materials is presented in Table 3 . The transmittance of double-pane window with clear glass is 78.2%.The radiance simulation parameters were set as follow: -ab 3 -aa 0.15 -ar 128 -ad 512 -as 128; and simulation time step was one hour. 
Goal Oriented Metrics
When one performs daylighting analysis, it is implicitly or explicitly to test the extent to which a design scheme meets one's expectations or performance objectives. The goal-oriented metrics, which display the percentage of an area of interest that stays within a chosen illuminance range , was applied to compare the daylighting performance of different design strategies. These metrics, first proposed by Kleindienst [37] , would show how closely the objective defined by the designer is fulfilled rather than express absolute performance values. UDI 450´2000lx is set as the benchmark for lighting assessment in this paper . The concept of Useful Daylight Illuminance was first proposed by Mardaljevic in 2005 [38] , initially requiring upper and lower thresholds of 100 and 2000 lx respectively. Subsequently, it has been enhanced by partitioning the UDI 100´2000 range into 100-500 lx and 500-2000 lx, called UDI-supplementary and UDI-autonomous respectively [39, 40] . For the range of UDI-supplementary, additional artificial lighting may be needed to supplement the daylight for common tasks such as reading; while the UDI-autonomous means additional artificial lighting will most likely not be needed. As this paper focuses on building energy conservation, the index of UDI-autonomous was selected for lighting analysis. The higher the ratio of spatial area that meets the desired range, the less artificial lighting is needed, thus achieving better energy saving effects. Daylight standards in China require that the desktop horizontal illuminance in the classroom provided by natural light should not be below 450 lx [19] , but no upper limit regulation exists. Accordingly, the desired illuminance of 450 to 2000 lx was chosen in this study. However, it should be observed that Mardaljevic revised the autonomous range into UDI 300´3000lx in some later papers [41, 42] . While the initial UDI range of 100-2000 lx was based on multiple surveys on human preference and performance, it is accepted and applied more widely in relative studies [28, 43, 44] .
For the benchmark of 450-2000 lx in this paper, there are at most three possible outcomes excessive, within or below the desired range. Therefore, at every design condition, three temporal maps were created: one displayed the percentage of the work plane in 0.5 m grid that was within the desired illuminance range, another map displayed the percentage of work plane that was too bright and the third showed how much of the work plane was too dark. The three types are referred to as "in range" temporal map, "too bright" temporal map and "too dark" temporal map.
Temporal Map within the Occupancy Time
The regular temporal maps display all of the annual data on one surface picture [33] . In the author's opinion, the designer should pay more attention to the daylighting performance in occupancy time, which would make the optimization more efficient. Take the educational architecture as an example, extreme climate conditions usually appear in the time periods of summer or winter holidays. If the occupancy time is not distinguished, a great effort may be made to improve the high risk of glare in the summer holiday and/or the daylight deficiency in the winter holiday, which inevitably results in waste. Accordingly, considering the Chinese academic schedule, this study judged the design strategies based on the daylight performance within the school occupancy time.
In China, students have three months off per year: February, July and August, and daily academic schedule is from 8:00 a.m. to 6:00 p.m. (excluding lunch break from 12:00 p.m. to 2:00 p.m.). Time segments of yearly holiday and daily lunch break were marked with dotted line on the temporal maps in this paper. The diagram of occupancy and unoccupied time is shown in Figure 4a and an example of a temporal map with occupancy time marked is shown in Figure 4b . The designer may ignore the marked time segments and concentrate on the daylighting information within the occupancy time. In this article, the data in unoccupied time were marked rather than deleted because in that way the integrity of the annual distribution feature can be retained and benefit the designer making an overall analysis and rational policy. 
Results

Analysis on Interior Daylighting
Daylighting simulations were performed by Daysim with the model of base classroom and weather files of five representative cities. The calculation results are shown in Fig 5 in form of temporal maps. The results reveal that these maps were quite different under the same color bar of the fulfilling ratio set from 0 to 1, corresponding to the colors from blue to red. In terms of the "in range" performance, maps of cities in the lower light-climate region number, such as Lhasa (Figure  5a-1) and Yinchuan (Figure 5b-1) , were redder, meaning more spatial area achieved the desired illuminance range. Similarly, the "too bright" maps were also redder in these cities (Figure 5a-2,b-2) , indicating higher risk of glare. However, the "too dark" maps were bluer (Figure 5a-3,b-3) , showing that less spatial area were below the minimum limit. In summary, cities in the lower region number , such as Lhasa (Region I) and Yinchuan(Region II), received more daylight quantity than other cities with the same architectural feature. They score higher ratio of spatial area within desired illuminance range, face more risk of glare but lower probability of lighting deficiency.
For the cities in higher light-climate region number, the "in range" maps were less red, meaning less spatial area fulfilled the desired illuminance range. The "too bright" maps were bluer and "too dark" maps were redder than other cities, indicating lower risk of glare but higher possibility of inadequate lighting. For instance, there were some red lines on the "too dark" maps of Chongqing (Figure 5e-3) and Shanghai (Figure 5d-3) , which implied that indoor lighting was below the desired range all day long. In these cities, the main issues were inadequate lighting intensity while glare control was a relatively minor problem.
Generally speaking, in the comparison of indoor daylight quality, the base classroom in cities in lower light-climate region number performed better as there was more spatial area in the desired illuminance range. The major issues of daylighting optimization are distinct in different regions and are attributed to their climate diversity. The cities rich in daylight resource (Lhasa and Yinchuan) are mainly affected by the glare risk and consequently the optimal work would emphasize the setting of architectural shading facilities. On the other hand, the cities with less daylight resource often suffer from light deficiency and at the same time also face glare risk. Daylighting optimization in these cities involves expanding window size, while being competent for glare control. Considering the distinct issues of the base classroom in different regions, the five cities were classified into two groups in the daylighting optimal work. We analyzed light shelf and several shading strategies in climate conditions of Lhasa (Region I) and Yinchuan (Region II), and compared light shelf, shading and expanding window size under climate conditions of Beijing (Region III), Shanghai (Region IV) and Chongqing (Region V). The design strategies compared in different light-climate regions are shown in Figure 6 . From the temporal maps drawn with the annual data of different passive 
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Daylighting Design for Regions I-II
The four passive architectural strategies and their "in range" temporal maps are shown in Figure 7 . Compared to the base case, daylighting performances under the four new schemes were all improved. There were more areas in red color and less areas in blue. The scheme of "light shelves +overhang" (Scheme a-2) performed the best. Under the condition of scheme a-2, the temporal map of Yinchuan (Figure 7h ) was red from March to October. It showed that nearly 80% of the spatial area achieved its daylighting objective. The situation was a little worse from November to February when the ratio of fulfillment in the acceptable range was about 50%. As February is in the winter holiday in Chinese school, the scheme a-2 of "light shelves + overhang" achieved a satisfactory outcome. Specifically, those three months (from November to January) scored 50% of spatial area reaching the daylight requirement and the rest months mostly scored 80%. The low ratio of area fulfill threshold mainly occurred in the early morning and late afternoon, when the sun is near the horizon. Most regions in China adopt the Beijing Time, which is about one hour early than the solar time of Yinchuan. The temporal map showed that before 10:00 am from November to February and before 9:00 am from March to October,the daylight performance was poor and artificial lighting was needed to improve the indoor lighting quality. 
The four passive architectural strategies and their "in range" temporal maps are shown in Figure 7 . Compared to the base case, daylighting performances under the four new schemes were all improved. There were more areas in red color and less areas in blue. The scheme of "light shelves +overhang" (Scheme a-2) performed the best. Under the condition of scheme a-2, the temporal map of Yinchuan (Figure 7h ) was red from March to October. It showed that nearly 80% of the spatial area achieved its daylighting objective. The situation was a little worse from November to February when the ratio of fulfillment in the acceptable range was about 50%. As February is in the winter holiday in Chinese school, the scheme a-2 of "light shelves + overhang" achieved a satisfactory outcome. Specifically, those three months (from November to January) scored 50% of spatial area reaching the daylight requirement and the rest months mostly scored 80%. The low ratio of area fulfill threshold mainly occurred in the early morning and late afternoon, when the sun is near the horizon. Most regions in China adopt the Beijing Time, which is about one hour early than the solar time of Yinchuan. The temporal map showed that before 10:00 am from November to February and before 9:00 am from March to October, the daylight performance was poor and artificial lighting was needed to improve the indoor lighting quality. Being similar to Yinchuan, the scheme a-2 of "light shelf +overhang" performed best under the climate condition of Lhasa. The "in range" map ( Figure 7c ) was reddest in scheme a-2, implying that more area was in range than with the other schemes. The proportion of area that achieved the daylighting objective reached 80% from March to October and about 60% from November to February. However, there was still the same problem of lighting deficiency in early morning and late afternoon. Lhasa adopts Beijing Time, but the school daily schedule is one hour later than normal Being similar to Yinchuan, the scheme a-2 of "light shelf +overhang" performed best under the climate condition of Lhasa. The "in range" map ( Figure 7c ) was reddest in scheme a-2, implying that more area was in range than with the other schemes. The proportion of area that achieved the daylighting objective reached 80% from March to October and about 60% from November to February. However, there was still the same problem of lighting deficiency in early morning and late afternoon. Lhasa adopts Beijing Time, but the school daily schedule is one hour later than normal due to the longer time difference between Lhasa's solar time and the Beijing Time. Judging from the daylight in occupancy time, it can be seen that the time segments from 9:00 a.m. to 10:00 a.m. and 6:00 p.m. to 7:00 p.m. need extra artificial lighting to improve the low lighting intensity.
Besides the high ratio of area researching illuminance threshold, the uniform distribution of daylight is equally important to the quality of indoor environment. An ideal lighting environment should provide better illumination distribution and increase the homogeneity of daylight into the space [45] . Therefore, we added the analysis of UDI 450-2000lx at different distances from the window for base case and the optimal architectural strategies. As shown in Figure 8a ,b, comparing to base case, four passive designs all decrease the UDI 450-2000lx levels in the first few meters in front of the window while enhance the daylighting in back of the room. The maximum level of UDI 450-2000lx occurs at 2 m, 4 m, 3 m and 3 m away from windows for scheme a-1 to a-4 respectively. It can be seen that the scheme a-2 allows a more homogenous distribution than other schemes, especially enhances the UDI 450-2000lx levels far away from the window.
In summary, the "in range" temporal map of scheme a-2 appears reddest and its curve of average UDI 450-2000lx for equal distances from the window presents most smooth. That is to say the most suitable strategy for Lhasa and Yinchuan is the same scheme a-2 of "light shelves +overhang", in which the overhang declines glare risk and the light shelves make lighting more uniform. "In range" temporal maps showed that the proportion of spatial area achieved desired illuminance range, which was higher from March to October, about 80%, and lower, but still good, from November to February, about 50% to 60%. However, the ratio values were very low in the early morning and late afternoon, which was attributed to the sun movements when it is near to the horizon. Thus supplementary artificial lighting is needed in the time segments of the first and last lessons of the day.
Daylighting Design for Regions III-V
Different from the region I-II, the scheme b-2 of "light shelves +overhang" performed unsatisfactory under the climate conditions in regions III-V. After opening a window on the north wall, daylighting quality was obviously improved in all the three cities, as shown in Figure 9d ,h,l. Under the optimal scheme b-3, the proportion of the spatial area that met the illuminance range reached 80% from March to October, and 50% from November to February. These cities also need extra artificial lighting in early morning and late afternoon. Besides the analysis of temporal map, curves of UDI450-2000lx at equal distances from the window were also drawn for base case and optimal schemes of these three cities. As shown in Figure 8c -e,the curves of scheme b-3 in the three cities are all smoother than other schemes meaning it allows a more uniform and deeper penetration of good daylight.
Noteworthy, the "in range" temporal map of Chongqing is not as continuous as those of other cities. There were some navy blue lines across the whole year. It indicated constant low levels of interior illuminance all day long which related to the cloudy weather in Chongqing. The wider the blue line was, the longer time segment of cloudy days last. It can be seen that there were more navy blue lines in the segments of winter and spring, from about October to February, as these are the months with higher frequency of overcast skies. There were also some navy blue lines on the maps of Shanghai, although not as much as in Chongqing. It meant that for the cities in the light-climate region IV and V, even if a lighting strategy improved most of the annual time segments, the indoor lighting was still poor in the cloudy or rainy seasons. It is very important for these cities to pay attention to daylighting design to relieve the lighting deficiency and reduce the energy consumption of electrical lighting.
Discussion
Utilization of daylight plays a crucial role in both the environment quality perceived by student and on the related energy savings. Using climate-based simulation, the daylighting characteristics of a typical classroom were evaluated under diverse conditions of five representative cities in China. Besides the analysis of temporal map, curves of UDI 450-2000lx at equal distances from the window were also drawn for base case and optimal schemes of these three cities. As shown in Figure 8c -e, the curves of scheme b-3 in the three cities are all smoother than other schemes meaning it allows a more uniform and deeper penetration of good daylight.
Utilization of daylight plays a crucial role in both the environment quality perceived by student and on the related energy savings. Using climate-based simulation, the daylighting characteristics of a typical classroom were evaluated under diverse conditions of five representative cities in China. These cities were selected from the five light-climate regions, which are termed I to V, where the regions with higher number possess less daylight resource. With the aim of addressing different issues in the five cities, comparison of several daylighting design strategies was undertaken using intuitive temporal maps. Through this comparison, the most suitable design typology stood out for each of the five cities. The results and analysis method in this paper are useful for China, a country with an enormous amount of high-energy buildings, and may also serve as a reference to other similar study.
Temporal maps and goal-oriented metrics, two analysis tools adopted in this paper, made it feasible to achieve an excellent daylighting design taking into account the annual performance profile. The goal oriented map focused on the performance objectives the designer actually wants to reach. It offers the potential to format information in a way that directly makes sense for the project and for the designer without the intermediate step of interpreting the considered quantity itself. On the maps drawn with absolute value, one may not be able to distinguish the difference between 440 lx and 460 lx because they are quite similar in color. However, in the goal-oriented metrics, compared with the limitation of 450 lx, the 440 lx data would be drawn on the map of "too dark", while the 460 lx data on the map of "in range". Meanwhile, a temporal map displays the climate-based, time-variable data for the design process. They can reveal the nature of the environmental conditions in which a design performs well or poorly. They also encourage the designer to address the most important issues in daylighting design, such as increasing or reducing the daylighting quantity, with an annual perspective. With one glance on the temporal map, the designer could gain the annual variation which could help him to modify the design strategy according to seasonal or daily trends without drowning in data noise, and without having to rely on only a few static index during the year as in the past. In addition, based on the regular temporal maps, we proposed that more attention be paid on the message within occupancy time with the purpose of integrating daylighting design with human activity and thus achieve the optimal efficiency.
In addition to the analysis of temporal maps, the average values of UDI 450-2000lx at different distances from the window were calculated for the comparison on daylighting homogeneity. The results showed that the scheme with higher spatial proportion achieving illuminance benchmark also performs better on the spatial distribution. The better performing strategies improve the daylighting distribution through decreasing the contrast between areas close to the window and in back of the room. Due to the time and financial limitations, further research relating to the visual comfort of occupant such as some glare indicators will be It will also include experimental verification which could enhance the reliability and practicability of current study.Besides, the window properties are closely related to the energy saving effects. conducted in our next study project. The normal double-pane window with clear glasses was investigated in this paper. More innovative materials should be considered in the further research, such as the monolithic aerogel glazed window [43] , photovoltaic systems [46] and so on.
Conclusions
Based on the climate conditions of China, this paper compared different passive design strategies for five representative cities.The results showed that the climate difference is evident across the five light-climate regions in China. The frequencies of clear/overcast skies are distinct, for instance, a difference of over 10 times was observed between Lhasa and Chongqing (cities selected from the regions with richest and poorest daylight resource). On the evaluation of the indoor daylight quality, the proportion of spatial area achieving the desired illuminance range is higher in cities located in lower number light-climate region, such as Lhasa (Region I) and Yinchuan (Region II) . At the same time, these cities face higher glare risk thus shading devices should be the priority in daylighting design.
The scheme a-2 of "light shelves + overhang", which can reduce the ratio of special area excessive desired range and make the lighting distribution more uniform, performs better than other strategies. For cities with higher light-climate number, such as Beijing (Region III), Shanghai (Region IV) and Chongqing (Region V), the proportion of spatial area reaching illuminance threshold is relatively lower and thus the inadequate light intensity becomes the main issue. The scheme b-3 of opening a new window on the north wall in addition to the southern "light shelves + overhang" achieved the best effect on spatial ratio above illuminance threshold and increased the homogeneity of daylight distribution. Although optimal strategies may improve the spatial ratio fulfilling the desired illuminance range to 50%-80%, it must be noted that the daylight quality is inadequate in early morning and late afternoon and extra artificial lighting was needed during the first and last classes of the day. Since it is difficult to be bright enough when the sun is near horizon, the objective of this paper was to investigate the appropriate strategies to ensure the light quality in most occupancy time and to point out the time segments needing extra artificial lighting by temporal maps.
There are some limitations of this paper that need to be pointed out. For instance, only one orientation and one room size were evaluated and discussed in this paper. As the combination of daylight dynamic metrics and goal oriented evaluation was less applied to the daylighting design of educational enviroment in China, only a preliminary suggestion of design typology was given for the five representative cities. Detailed calculation could be performed to determine the exact size of the architectural device, such as the precise width or length of the light shelves or shading plate according to certain climate condition of a certain place. Further studies that include experimental verification, a greater number of metrics (such as glare probability metrics and dynamic thermal assessment [47] ) and more samples with additional orientations, room size and climate conditions will improve the scope and application of our work.
